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Edited by Peter BrzezinskiAbstract A novel mechanism for proton/electron transfer is pro-
posed for NADH-quinone oxidoreductase (complex I) based on
the following ﬁndings: (1) EPR signals of the protein-bound
fast-relaxing semiquinone anion radicals (abbreviated as QNf Þ
are observable only in the presence of proton-transmembrane
electrochemical potential; (2) Iron–sulfur cluster N2 and QNf are
directly spin-coupled; and (3) The projection of the interspin vector
extends only 5 A˚ along the membrane normal [Yano, T., Dunham,
W.R. and Ohnishi, T. (2005) Biochemistry, 44, 1744–1754].
We propose that the proton pump is operated by redox-driven
conformational changes of the quinone binding protein. In the
input state, semiquinone is reduced to quinol, acquiring two pro-
tons from the N (matrix) side of the mitochondrial inner mem-
brane and an electron from the low potential (NADH) side of
the respiratory chain. A conformational change brings the pro-
tons into position for release at the P (inter-membrane space)
side of the membrane via a proton-well. Concomitantly, an elec-
tron is donated to the quinone pool at the high potential side of
the coupling site. The system then returns to the original state to
repeat the cycle. This hypothesis provides a useful frame work
for further investigation of the mechanism of proton transloca-
tion in complex I.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
Keywords: NADH-Q oxidoreductase; Proton-pumping
mechanism; Semiquinone-gating1. Introduction
NADH-ubiquinone oxidoreductase (complex I), which is lo-
cated at the entry point of the mitochondrial respiratory chain,Abbreviations: Complex I, NADH-ubiquinone oxidoreductase; Dw,
membrane potential; DlþH, proton-electrochemical gradient; Em, redox-
midpoint potential; EPR, electron paramagnetic resonance; N2, iron–
sulfur cluster N2; N-side, matrix side of the mitochondrial inner
membrane; P-side, inner space side of the mitochondrial inner mem-
brane;Q, ubiquinone;QH2, ubiquinol;Q

Nf , protein-bound fast-relaxing
ubisemiquinone (anion form); QNs, protein-bound slow-relaxing ubi-
semiquinone anion; Q-pool, ubiquinone pool in themitochondrial inner
membrane; SMP, submitochondrial particles; SQ, semiquinone; SQNf,
protein-bound fast-relaxing semiquinone (including both anion and
neutral forms)
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doi:10.1016/j.febslet.2005.06.086catalyzes electron transfer from NADH to the ubiquinone (Q)
pool [1–3], in the reaction:
NADHþQþHþ þ 4HþN $ NADþ þQH2 þ 4HþP
In this exergonic redox reaction, the transfer of 2 electrons from
1 mol of NADH to ubiquinone pool in the mitochondrial inner
membrane (Q-pool) is coupled to the transfer of 4 protons from
the negative (matrix) side (abbreviated by the suﬃxN) to the po-
sitive side (abbreviated by the suﬃx P) of the mitochondrial in-
ner membrane. The consensus ratio for pumped protons/
electrons is 4H+/2e [4,5]. Currently, complex I is the only mito-
chondrial respiratory complex without available X-ray crystal-
lographic information. The L-shaped low-resolution complex
I structure is composed of nearly perpendicular hydrophilic
promontory and hydrophobic membrane arms; the former ex-
tends 160 A˚ out of the matrix side surface level of the inner
membrane (N-side) [6]. One non-covalently bound ﬂavinmono-
nucleotide and eight distinct iron–sulfur clusters [2 binuclear
(N1a and N1b) and 6 tetranuclear clusters (N2, N3–N6a,
N6b)] reside in the promontory region 1 [3,7,8], which transfer
electrons from substrate NADH toN2 (highest redox-midpoint
potential (Em) cluster), located close to the junction between the
two arms. The membrane-associated region includes seven
mitochondrially encoded transmembrane subunits, of which
ND2, ND4, and ND5 are candidates for proton transport com-
ponents. Friedrich and Weiss [9] proposed a modular evolution
hypothesis for complex I based on sequence analysis. Hydro-
philic 51, 24, and 75 kDa subunits are similar toNAD+-reducing
hydrogenases [10]; hydrophobic membrane components are
homologous to bacterial Na+/H+ antiporters [11]; and interfa-
cial amphipathic PSST and 49 kDa subunits are similar to bac-
terial Ni–Fe hydrogenases [12].
Based on the observation of semiquinone electron paramag-
netic resonance (EPR) signals diﬀering in spin-relaxation rates
[SQNf(fast) and SQNs(slow)]
2 and in rotenone sensitivity, two
distinct ubiquinone (Q)-binding sites were assigned within the
membrane component of complex I. Previously, both SQNf
and SQNs were shown to be anionic forms at around neutral
pH [3]. An important diﬀerence between these two semiquinone1 In the limited numbers of bacterial NDH-1 (complex I counter part),
the 9th [4Fe–4S] iron–sulfur cluster N7 is present; its function is not
clear [13].
2 Based on recent analysis of the slow relaxing SQ species in the
isolated bovine heart complex I, we have eliminated very slowly
relaxing SQNx species from intrinsic components of complex I [14].
blished by Elsevier B.V. All rights reserved.
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not [14–16].
Functional roles of protein-bound quinone species are well
established in many transmembrane proteins which couple
electron and proton transfer, including cytochrome bc1 and
b6f complex [17,18], and photosynthetic reaction centers
[19,20]. Considerable information is available regarding possi-
ble quinone-binding complex I subunits (e.g., ND5 [21], ND4
[22], ND2 [23], 49 kDa [24], and PSST [25]). The ND5 subunit
of bovine heart complex I has been labeled by a fenpyroximate
photo-aﬃnity analogue that inhibits complex I, which is also
inhibited by 5-(N-ethyl-N-isopropyl)-amiloride, a Na+/H+
antiporter inhibitor [21]. Q-binding sites were also proposed
in ND4 and ND5 subunits based on amino acid sequences
and X-ray structures [26].
Based on thermodynamic data, including pH dependence
of Em, eﬀects of membrane potential (Dw) and pH gradients
on redox equilibria, cluster N2 has been regarded as a key
component in complex I proton translocation [27,28]. A pro-
ton-pump mechanism, which was essentially identical to that
proposed for cytochrome oxidase by Wikstro¨m was indepen-
dently proposed for complex I [29]. Our attention has been
focused on the interface between the hydrophilic and hydro-
phobic arms, because this region contains both cluster N2
and the protein-bound QNf [15,30,31]. Two types of energy
coupling mechanism for complex I have been proposed: di-
rect redox-coupling [32–34] and indirect conformational-
coupling [35–38].
New information about the spatial arrangement of N2 and
QNf and the coupling of SQNf stability to proton electrochem-
ical potential ðDlþHÞ suggests that QNf is involved in proton
translocation [16]. Now we propose a novel complex I pro-
ton-pumping mechanism, which is conformationally gated by
the QNf-binding site, and features diﬀerent SQ stability con-
stants in its input and output conformations.Fig. 1. Membrane normal projection based on the computer simula-
tion of the spin–spin interaction between cluster N2 and SQNf species
(see the text for details). The program includes contributions from
both exchange and dipolar interactions which was written by W.R.
Dunham (A). Possible explanations for QNf stabilization through the
classical loop formulation of Mitchellian chemiosmosis, combined
with the proton-well open to the positive side of the membrane (B) and
open to the negative side (C). Arrows into the well show the direction
of the back-pressure of Dw to the H+ ﬂow coupled with electron
transfer from N2 to SQNf.2. Supporting evidence
The 33 G splitting of the gi = 2.05 signal of cluster N2
arises from direct spin–spin interaction with a speciﬁc pro-
tein-bound semiquinone anion ðQNfÞ [16] that also causes
fast spin-relaxation of the QNf and splits its g = 2.00 signal
with a peak-to-peak separation of 56 G (resolved only
below 25 K). The unique doublet features of both N2 and
QNf spectra were simulated with the same interaction
parameter set: J (exchange interaction), 55 MHz; R (center-
to-center distance), 12 A˚ (corresponding to 16 MHz of dipo-
lar coupling); h (polar angle), 65; / (azimuthal angle), 0
[16].
Major conclusions of our EPR studies are: (i) QNf signals
can be observed only in the presence of DlþH [15,30]. Thus,
QNf signals were always spectrally resolved as the diﬀerence
between spectra of coupled and uncoupled submitochondrial
particles (SMP); (ii) In the spin–spin interaction between
cluster N2 and QNf , the contribution of exchange interaction
is more dominant than that of the dipolar interaction. This
suggests that the electron distributions around cluster N2
and QNf overlap at their edges, facilitating electron transfer.
(iii) Salerno et al. [39] demonstrated earlier that iron–sulfur
clusters associated with complex I are highly oriented withrespect to the mitochondrial inner membrane. In particular,
the gi = 2.05 axis of N2 is oriented along the normal to the
membrane plane. Therefore, the interspin vector is 65 from
the membrane normal, i.e., only 25 from the membrane
plane; the vector between N2 and SQNf is oriented rather
close to the membrane plane. The projection of the interspin
vector along the membrane normal is rcosh = 12 A˚ ·
cos65 = 5 A˚, as illustrated in Fig. 1A.
The strong dependence of the QNf signal on DlþH would sug-
gest that concurrent electron and proton transfer may occur
along a signiﬁcant part of the membrane potential Dw. How-
ever, the short projection of the interspin vector along the
membrane normal indicates that electron transfer occurs
across only 5 A˚ of the low dielectric region of the inner mem-
brane, which spans on average 40 A˚. This is clearly insuﬃ-
cient to account for the observed QNf stabilization through a
loop mechanism [40,41].
Fig. 2. (A) A two-state simple model for conformation-driven proton
transfer system with protein-bound QNf as a switching component. It
includes only the eﬀect of Dw on the equilibrium between A and B
states of quinone-binding protein; state A has more stable QNf and is
favored by Dw while state B has an unstable QNf . We deﬁne 6
independent parameters: E 1 and E 2 for Q/Q and Q/QH in the
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the behavior of SQNf
The proton electrochemical gradient ðDlþHÞ is expressed as
DlþH ¼ Dw zDpH. Since Dw is the dominant component of
the DlþH (DpH < 0.5) in respiring mitochondria [42], we focus
only on Dw for the sake of simplicity. If we assume that SQNf
is 5 A˚ toward the inner space side of the mitochondrial inner
membrane (P-side) relative to N2, electron transfer from
NADH on the N side of the membrane to QNf (oxidized form
of SQNf) via N2 would be favored by Dw; Q
 is stabilized by
Dw with respect to Q. However, since the SQNf signal requires
both reduction of N2 and the SQ state, it is more important to
stabilize Q with respect to ubiquinol (QH2). As shown in
Fig. 1B, if protonic equilibration is obtained via a P side pro-
ton well, QH2 formation would be favored because the second
electron and two protons would move with the electric ﬁeld
(and, in the case of the protons, with an eﬀective pH gradient
set up in the P side proton well). If this were true, it would be
impossible to observe stabilized semiquinone radical ðQNfÞ in
the presence of back pressure from Dw. Semiquinone stabil-
ization by Dw could result from QNf (localized on the P side)
equilibrating through a proton well open to the N side, be-
cause the ﬁrst electron to make Q goes downhill from N2
to the P side, while the two protons to make QH2 go uphill
from the N side (Fig 1C). Clearly, N2 and SQNf are unlikely
to exchange electrons over a large fraction of the total Dw, be-
cause only 5 A˚ out of the 12 A˚ separation is transmembranous.
Compression of Dw by neighboring proton wells might allow
modest direct SQNf stabilization, but is unlikely to be more
eﬀective than scalar eﬀects (high bulk pH). EPR data and
available structural information for complex I [16,29] suggest
that both N2 and SQNf are located toward the N side of the
lipid bilayer.
m m 2
B state, K1, K2, and K3 for equilibrium constants of Q, Q, and QH2
forms in the B state, and c is the number of charges times RT/F (see the
text for details). We also give the eﬀect of Dw through exp(Dw/c) in the
Bﬁ A conformational change. (B) Simulation of the dependence of
the QNf signal amplitude as a function of the Eh values.4. Devising a gating model for proton transport
Loop type mechanisms do not readily account for the stabil-
ization of SQNf by DW, but two state gating models provide an
alternative. Because of technical diﬃculties in EPR experi-
ments, thermodynamic parameters for protein-bound SQNf
are not yet available. The apparent Em,7.0 of N2 in bovine
heart SMP varies between 150 and 50 mV (average of
100 mV). Because of the thermodynamic stability
(Kstab = 2.0 at pH 7.8) and Dw insensitivity of the SQNs species
[12], the QNs species is considered to be an n = 1M n = 2 con-
verter between QNf and Q-pool; the Em,7.0 of Q-pool averages
+90 ± 15 mV [43]. Therefore, SQNf is observed when the
Q-pool is essentially fully reduced. Merely stabilizing QNf , in
the sense of increasing the stability constant, is insuﬃcient to
explain the observation of SQNf signals only in the Dw poised
system; the apparent Em value of the AQ
/AQH2 couple must
be lowered. How can this be accomplished by Dw?
In Fig. 2A, we introduce a model including only Dw eﬀects
on the equilibrium between two conformational states (A
and B). We ﬁrst concentrate on the mechanism of the redox
gating system. State A has a stable semiquinone and is favored
in the presence of Dw; state B has an unstable semiquinone and
is favored in the absence of Dw. Each conformational state has
three redox states, oxidized Q, semiquinone anion (Q) and
fully reduced quinol (QH2). We deﬁne six independentparameters for this model: Em1 and Em2 are the Em values
for BQ/BQ and BQ/BQH2 couples, respectively, and K1,
K2, and K3 are equilibrium constants for the AQ/BQ, AQ/
BQ, AQH2/BQH2 transitions in the absence of Dw. The eﬀect
of Dw is introduced through a factor exp(Dw/c) which modiﬁes
the equilibrium constants, where c is the number of charges
(translocated against the Dw in the Bﬁ A conformational
change) times RT/F (about 59.6 mV at 25 C). For simplicity,
the same value was used for all A/B transitions. The introduc-
tion of Dw favors state A as long as net charges are translo-
cated uphill in the transition from the state B (this does not
need to imply translocation of a charged molecule, but could
result from reorientation of dipoles in low dielectric milieu).
We assume that Em1 and Em2 are 0 and +120 mV for state
B, and both K1 and K2 are 1. In the absence of Dw, K3 favors
BQH2; we take K3 as 1 · 104. As a simple case, we also assign
c = 1 and Dw = 180 mV. The choice of Em values for state B
and the three equilibrium constants forces Em1 and Em2 values
of state A to be 0 and 120 mV. Fig. 2B presents a simulation
of total semiquinone as a function of Eh, revealing marked
thermodynamic stabilization of QNf by Dw. For Dw =
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ipate in redox equilibria.
The gating system of Fig. 2A can readily be coupled to pro-
ton translocation, producing a redox-driven pump. Figs. 3A
shows an open-box type diagram essentially similar to the
one proposed by us in 1982 [29]. Here, ‘‘A’’ signiﬁes the input
state conformation, where electrons equilibrate with the low
potential side of the coupling site and protons equilibrate with
the N side of the membrane. ‘‘B’’ signiﬁes the output state,Fig. 3. (A) An open-box model of the conformation-driven proton pum
conformational forms of the QNf-binding protein. Red arrows show the direc
schematic representation of the pump [29]. (C) A simulation shows the enhanwhere electrons equilibrate with the high potential Q-pool
and protons equilibrate with the P side of the membrane.
AQ is reduced by a low potential electron donor (e.g., cluster
N2), forming AQNf . Then, AQ

Nf serves as a gate and a carrier
for the pump. It accepts two protons from the N-side and one
electron from the low potential side, forming AQH2. A confor-
mational change converts AQH2 to BQH2, the reduced output
state, which in turn releases two protons to a P side facing pro-
ton well, and donates an electron to the Q-pool (presumablyping, in which the proton translocation process is gated by two
tion of proton movement and blue arrow electron movement. (B) The
cement of the semiquinone signal as a function of redox potential (Eh).
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AQNf in the presence of DlþH is stronger than that of BQNf ;
since the latter does not accumulate during turnover, the
returning process to the A state must be relatively rapid.
It is interesting that the model has an inherent ratio of (4H+/
2e) without incorporating additional pumps or channels.
Fig. 3B depicts a putative scheme for the entire pump. Simula-
tions similar to those shown in Fig. 2B, but including proton
eﬀects, conﬁrmed that QNf stability is also enhanced by Dw
in this model (Fig. 3C). Additional information, including
thermodynamic and kinetic parameters as well as crystallo-
graphic structures, is needed to reﬁne and test this picture.5. Discussion
We devised a transmembrane proton-pump model for com-
plex I (Fig. 3) by connecting the gate described in Fig. 2 to
transmembrane subunits (e.g., ND5, ND4, and ND2) which
carry transmembrane Na+/H+ antiporter sequence motifs [9–
12]. Hellwig et al. reported that redox changes of cluster N2 in-
duced pKa changes of nearby conserved Glu and Asp, or two
conserved Tyr residues [44,45]. These changes may be related
to concurrent redox-driven conformational changes of the qui-
none-binding site.
Brandts group recently proposed an indirect mechanism of
proton pumping via long range conformational energy transfer
[38]. Their proposal, based on EM analysis of Yarrowia lipoly-
tica complex I decorated with monoclonal antibodies to the 49
and 30 kDa subunits, identiﬁes PSST and 49 kDa as key play-
ers in ubiquinone reduction and proton pumping and places
N2 over 30 A˚ away from the negative side membrane surface
in the hydrophilic arm. The following data instead indicate
that the location of N2 is close to the membrane surface: (i)
site-directed mutagenesis studies indicate localization of N2
within PSST/NuoB (subunit nomenclature of bovine heart/
Escherichia coli) [46,47]; (ii) PSST/Nqo6 [bovine heart/Para-
coccus (P.) denitriﬁcans] [48] and 49 kDa/Nqo4 [49] were
cross-linked directly to transmembrane ND3 in P. denitriﬁcans
complex I by cross-linkers without a spacer. ND3/Nqo7 is
composed of three transmembrane helices with only short ex-
tra-membrane loops on the N side of the membrane; (iii) Early
work by Ohnishi et al. [50] showed that 50% delipidation of
bovine heart complex I dramatically broadened N2 EPR spec-
tra and lowered its apparent Em value, but had little eﬀect on
low Em iron–sulfur clusters in the hydrophilic region. Changes
in inhibitor-sensitive activity, apparent Em and EPR proﬁle of
N2 were largely reversible by reconstitution, suggesting associ-
ation of N2 with the membrane environment; (iv) Lipid activa-
tion study using E. coli complex I (by Sinegina et al. [51])
suggested that the environment of N2 is more hydrophobic
than that of other low Em iron–sulfur clusters. These data
are consistent with our proposed topographical location of
N2 adjacent to the membrane surface. High resolution X-ray
crystallographic structures of the whole complex I will resolve
this issue in the near future.
A hypothetical protein-bound quinone (designated QNy at
that time) was previously proposed as a possible complex I
proton pump component, operating in tandem with a reduc-
tant driven Q-cycle [32]; the former mechanism with 2–4H+/
2e and the latter with 2H+/2e, respectively. This Q-cyclemechanism has been disputed based on the absence of Q bind-
ing sites in complex I with suitable properties [52].
In this paper, we have not considered a possible involvement
of cluster N2 in proton pumping. The ability of DlþH to pro-
mote reverse electron transfer to NADH suggests that N2
may have some role in the pumping mechanism. We hope to
reﬁne the current model as new thermodynamic data become
available.6. Conclusions and future studies
 The proposed mechanism is conceptually related to previ-
ous proposals in cytochrome c oxidase [53] and complex I
[29], but is based upon unique properties of quinones as
electron and proton carriers.
 A proton pump based on the Q/QH2 couple is attractive,
because it accounts for a (H+/2e) ratio of 4 without addi-
tional coupling sites involving ﬂavin (see references cited in
[32]) or iron–sulfur linked redox-Bohr protons [34].
 Speciﬁc thermodynamic parameters for the QNf are ur-
gently needed. Available data suggest that for most bound
quinones, pKa < 6 for SQ, and pKa > 10 for quinol
[20,34,54].
 Since the quinone binding site plays a key role in the proton
pump, modiﬁcation using site-directed mutagenesis is a
promising avenue for investigation of the mechanism.
 This proposal does not rule out a role for cluster N2 in pro-
ton pumping, either as a co-gating component or through
cooperativity.
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